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SECTION I 
MTIIODUCTION 


Thf> ohjectivo of this program was to determine the mechanical properties of single 
crystal (SC) MAR>M>246+Hf and single crystal PWA 1480 in a gaseous hydrogen environment 
at 760®C (1400®F) and 87l*C (1600"F), and to complete the ovaluatlon of directionally 
solidified (DS) MAR*M*246+Hf initiated under previous, related contracts (NAS8*30744, 
NAS8»83l()9). These alloys have been proposed for use in space propulsion systems in pure or 
partial high*pressure hydrogen environments at elevated temperatures. 

Mechanical property tests included tensile, creep, low cycle fatigue (LCF), and crack 
growth. Specimens were oriented in both transverse and longitudinal directions relative to the 
casting solidification direction, All testing was conducted on solid specimens exposed to 
externally pressurized environments of gaseous hydrogen and hydrogen-enriched steam at a 
pressure of 34.5 MPa (5000 psig), 

'rensile and creep rupture properties were determined using standard ASTM techniques. 
liOW cycle fatigue behavior was established using axially-loaded strain control tests. Currently 
there are no industry wide accepted ASTM procedures for strain control RCF testing at 
elevated temperatures. The techniques for LCF data generation and analysis appear in Section 
VI, "I..OW Cycle Fatigue," Crack growth rate behavior was obtained using specimen configura- 
tion and testing techniques, where applicable, according to ASTM E399-74, 

This report is arranged in sections that cover the program conclusions, materia) tested, 
and results and conclusions of the individual property tests. It includes information covered in 
the monthly progress reports previously Issued under this contract, and pertinent test results 
from previous contract work. 

The l.'iternational System of Units (SI) is used as the primary system of units for 
reporting test parameters and results, Customary English units are included in parenthesis 
following the SI units, or in separate columns in data tables. The customary system of units 
was used for the principal measurements and calculations and results converted to SI units for 
reporting purposes. 


SECTION II 

RESULTS AND CONCLUSIONS 


A. GENERAL 

Efforts in this program consisted of testing to determine the mechanical properties of 
three cast nickeLbase alloys. The alloys were tested in forms that are proposed for use in a 
high'pressure hydrogen or hydrogen-water vapor environment. The effect of loading direction 
(longitudinal or transverse) ou the anisotropic material mechanical behavior was evaluated. 
Environmental degradation of properties could not be established due to the absence of 
comparable testing in an inert atmosphere. However, some general conclusions can be made by 
comparing the results of tests in the hydrogen environment with those in the hydrogen 
water-vapor environment. 

Detailed conclusions are presented In the various sections pertaining to types of tests. 
General results and conclusions are presented below. Based upon limited testing and the 
anisotropic nature of the materials studied, these conclusions are tentative and could not be 
statistically substantiated, 

B. TENSILE PROPERTIES 

Orientation of the test specimen with respect to the solidification or primary crystal axis 
direction had a large effect on the tensile properties for all the alloys. 

Tensile strengths were superior in the longitudinal direction, with ductility and modulus 
of elasticity greater in the transverse direction. 

At the temperatures examined, tensile strengths were generally at a maximum at 760°G 
(1400‘’P), and ductilities were greatest at 871°C (1600°P). 

The general rank order (best to worst) in tensile strength of the materials tested was 
PWA 1480, then directionally solidified (DS) MAR-M-246+Hf followed by single crystal (SC) 
MAR.M-246+Hf. 

C. CREEP RUPTURE 

At both 760°C (1400“P) and 871“C (1600®P), PWA 1480 was superior in creep-rupture 
properties followed by DS MAR-M-246+Hf and then SC MAR-M-246-+ Hf. 

The presence of water vapor (50% by weight) in the hydrogen environment had no effect 
on the creep-rupture properties of PWA 1480,but a significant degradation was noted for SC 
MAR-M-246-f-Hf. 

D. LOW CYCLE FATIGUE 

At 760®C (1400°F) and above 1.5% the rank order of the fatigue capabilities is: 
PWA 1480 longitudinal, SC MAR-M-246+Hf transverse*, PWA 1480 transverse, SC 
MAR-M-246-i-Hf transverse and DS MAR-M-246+Hf transverse. At lower strain ranges 
(approximately 1.0%) the rank order is: SC MAR-M-246+Hf transverse*, PWA 1480 longitu- 
dinal, PWA 1480 transverse, SC MAR-M*246+Hf and DS MAR-M-246+Hf transverse. 


*Thi8 materlol more closely resembles longitudinal data due to the transverse orientation actually being on a principal 
system axis* This data comes from earlier contract testing (NAS8*33109, FR*11852)* 
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At 87l“C (1600®F) Olid above 1.3% the rank order of the fatigue (Lapabllities is: 
PWA 1480 longitudinal, PWA 1480 transverse, DS MAR-M-246+Hf transverse, and SC 
MAR-M*246+Hf transverse, with PWA 1480 longitudinal having the fatigue capability approx* 
imately one order of magnitude greater than the other alloys and little difference between 
PWA 1480, DS MAR-M*246+Hf and SC MAR-M-246+Hf in the transverse direction, At the 
lower strain ranges the rank order Is: SC MAR-M-246+Hf transverse, PWA 1480 longitudinal, 
PV/A 1480 transverse, and DS MAR-M-246+Hf transverse. 

The addition of steam had little effect on PWA 1480 and SC MAR-M-246+Hf, but 
degraded DS MAR-M*246+Hf by an order of magnitude. 

These conclusions are based on very limited testing and extrapolation of the data curves, 
Further testing could change the results presented here. 

E, CRACK GROWTH 

Results of crack growth testing of PWA 1480 revealed no significant difference in growth 
rate with increase of temperature from 760“C (1400°F) to 871°G (1600°F) nor with the 
addition of steam. 

Results of SC MAR-M-246+Hf testing revealed an increase in crack growth rate with 
increasing temperature but not with the addition of steam. 

The testing of DS MAR-M-246+Hf did not show a significant change in crack growth 
rate due to the presence of steam. 
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SECTION III 

MATERIALS AND SPECIMENS 


A. TEST MATERIAL 

The purpose of this program was to determine the mechanical properties of three cast 
nickel- base alloys in high-pressure hydrogen environments, Testing evaluated these materials 
in two orientations, longitudinal and transverse, and ii. two forms, single crystal (SC) or 
directionally solidified (DS), according to the test matrix i > table 1. 


Table 1. Test Outline 


Material 

Specimen 

Orientation 

Test 

Temperature 

^C(^F) 

Test 

Environment 

Tensile 

Number of Tests 

Creep 
LCf^ Rupture 

da/DI^ 

MAR^M-246+Hf DS 

Long 

24(77) 

Ha 

2 





Trans 

25(77) 

Ha 

2 





Long 

760(1400) 

Ha 

3 





Trans 

760(1400) 

H. 

3 





Long 

871(1600) 

Ha 

3 





Trans 

871(1600) 

Ha 

3 

4 


3 


Trans 

871(1600) 

Ha+HjO 


1 * 


1 

MAR-M-246+Hf SC 

Long 

25(77) 

Ha 

2 





Trans 

25(77) 

Ha 

2 





Long 

760(1400) 

Ha 

3 


3 



Trans 

760(1400) 

H, 

3 



3 


Long 

871(1600) 

Ha 

3 


3 



Trans 

871(1600) 

Ha 

3 

4 


3 


Long 

871(1600) 

Ha+HjO 



1 



Trans 

871(1600) 

Ha+HaO 


1 


1 

PW 1480 

Long 

25(77) 

Ha 

2 





Trans 

24(77) 

Ha 

2 





Long 

760(1400) 

Ha 

3 

4 

3 



Trans 

760(1400) 

Ha 

2 

3 


3 


Long 

871(1600) 

Ha 

3 

4 

3 



Trans 

871(1600) 

Ha 

3 

3 


3 


Long 

871(1600) 

Ha+HjO 


1 




Trans 

871(1600) 

Ha+HaO 


Jl 


JL 

Total 




47 

26 

14 

18 


'Specimen Orientation: Trans. 

Long. 


"Test Environment: 


'da/dN: 


Hj+HaO 


— (Transverse) Perpendicular to or across the grain or solidification 
direction. 

— (Longitudinal) Parallel to or in the same direction as the grain or 
solidification direction. 

— Gaseous hydrogen with oxygen less than 1 ppm. 34.5 MPa (5000 
psig) 

— 50 gaseous hydrogen, 50 water vapor by weight, 34.5 MPa (5000 
psia) 


"lcf 


Crack Growth Rate 

Trans — Transverse in this case nieans the crack will cross the grain or 

solidification direction. 

Apply 480>sec dwell at maximum load. 

Cyclic^ nondwell strain control tests. 
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All test innleriul was furnished by the NASA Marshall Space Flight Center (M8FC). The 
DS MAR'M‘246+Hf material was supplied in the as-cast condition in the form of 10 
rectangular castings, 1,25 cm X 3,8 cm X 14.0 cm (0,5 X 1.6 X 5.6 inches) with solidification 
axis in the 14 cm direction. The SC MAR-M-246+Hf material, also as-cast, was supplied ns 20 
rectangular blocks, 1.25 cm X 3.8 cm X 10.2 cm (0.6 X 1,6 X 4 inches) with the primary crystal 
axis in the 10.2 cm direction. The single crystal PWA 1480 material was provided in a fuliy 
heat treated condition in several forms; 

— 4 pieces, 1.26 cm X 7.6 c'' i cm (0,5 X 3 X 3 inches) with primary 
crystal axis in one of the '.t: -.m directions 

— 7 pieces, 1.6 cm X 4.4 cm at 5.7 cm (0.625 X 1.75 X 3.25 inches) with 
primary crystal axis in the 4.4 cm direction 

--- 24 round bars, 1.25 cm dia X 8 cm long (0.6 in. din X 3,126 in. long) with 

primary crystal axis in 8 cm direction. 

The PWA 14'i0 and the DS and SC MAR-M-246-t-Hf material underwent motallographic 
examination in order to determine alloy thermal history and document microstructure prior to 
heat treatment, T!<e MAR-M-246+Hf DS and SC material was supplied in the ns east 
condition and required solution and precipitation heat treatment. 

The MAR-M-246 material which was needed for transverse property test, specimens 
required I’LP® bonding to obtain material of sufficient length for specimen fabrication. The 
TLP bond cycle was then followed by the standard MAR-M-246 heat treatinent cycle. 

The complete heat treatment for the TLP bonded MAR-M-246+Hf material was as 
follows: 

1. 1J96°C (2185“F) ±8“C (l6°F)/22 hr in vacuum (TLP bond), heat to 
1221°C (2230'’F). 

2. 122I°C (2230°F) ±8°C (15°F)/2 hr in vacuum. Cool to room temperature 
(Solution HT). 

3. 871°C (1600°F) ±8°C (15°F)/2 t hr in vacuum. Cool to room temperature 
(Precipitation HT). 

The MAR-M-246+Hf material which did not require TLP bonding was only heat treated 
per steps 2 and 3 above. Microstructure of the SC and DS MAR-M-246+Hf before and after 
heat treatment is presented in figures 1 through 4. Microstructure is shown for both 
longitudinal and transverse directions. 

The PWA 1480 material was supplied in the fuliy heat-treated condition although the 
cooling rate appeared to have been slower than optimum, MicrostrUctural examination of a 
test piece cut from an unusable portion of the supplied material, and tensile test results 
indicated that the material required re-heat treatment. The PWA 1480 heat treatment was 
applied as follows; 

1. 1288°C (2350°P) ±8®C (l5°F)/4 hr in protective atmosphere/Cool at 
139“C/min (250“F/!nin) to 87rC (1600°F)/AC (Solution HT) 

2, 1079°C (1975°F) ±14°C (25°F)/4 hr in protective atmosphere/Cool at 
SS-C/min (60“F/min) to 871°C (1600°F)/AC (Coating HT) 

871°C (1600‘’F) ±14“C (25°F)/32 hr in air/AC (Precipitation HT). 
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Longitudinal Sactlon Olyoaragla 


Transverse Section Qlyceregia 


Figure I. Typical Microstructure of As-Cast Single Crystal M AK-M-24ti 





Longitudinal Sactlon G'ycaregia 


Transverse Section Glyceregia 


Figure 2. Typical Microstructure of As-Cast Directionally Solidified 
MAH-M-246 + Hf 
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J. Typical Micrustructurc of TLT handed and Heat Treated Direc 
tionally Sohdified MAR-Si-246 -t- H( 








After heat treatment, microstructure and tensile properties were checked and found to 
meet PWA 1480 specification. Microstructure is shown in figure 6 for heat treated PWA 1480 
in both longitudinal and transverse directions. 

An assessment of ultrasonic C*scans of the 7.6 cm square PWA 1480 blocks was made. 
Shrinkage porosity had been observed in three of the four blocks supplied. These blocks were 
to furnish material for the transverse LCP and tensile tests; however, insufficient material due 
to porosity necessitated a reduction in the number of transverse tests planned. 

Table 2 summarizes the alloys studied in this program, including form, heat treatments, 
and associated information, and table 3 lists the chemical compositions. 

B. TE8TQA8E8 

Hydrogen and hydrogen*water vapor were used during the testing of specimens, and 
nitrogen was used ns a preliminary purge gas. Propellant grade hydrogen was provided under 
Military Specification P-27201, which requires the gas to have an oxygen content of less than 1 
part per million. Analysis verified the gas to be of this purity. The hydrogen gas was used to 
provide the test environment. The hydrogen and water vapor environment was obtained by 
utilizing triple distilled water and a retort system so the water was vaporized by furnace heat 
while maintaining the specified pressure. The hydrogen-water vapor atmosphere was 50% 
water-vapor and 50% hydrogen by weight. 

Gas handling systems supplying the test vessels were equipped to enable sampling before 
and after specimen tests. The hydrogen was sampled extensively, both dry and saturated with 
water vapor (wet hydrogen was dried prior to analysis). Samples were analyzed with a gas 
chromatograph with accuracy in the parts per billion range. 

Analysis verified that the gas was of the required purity (1 ppm Oj). Hydrogen 
environment pressure was maintained at 34.5 MPa (5000 psig) during testing. 

C. TE8T SPECIMENS 

Test specimens were fabricated in both the transverse (perpendicular) and longitudinal 
(parallel) directions relative to the solidification direction of the castings. Since standard 
tensile, creep, and LCF test specimens are longer than 3.8 cm (1,5 in.), additional material had 
to be bonded to each side of the cast MAR-M-246+Hf blocks for fabrication of these 
transverse test specimens. 

Bonding of additional material to the test blocks was accomplished using the tran- 
sient-liquid-phase (TLP®) diffusion brazing process, (TLP is a registered trademark for the 
transient liquid phase bonding process patented by Pratt & Whitney Aircraft Group) In this 
process, a bonding alloy foil is placed between the bonding surfaces. Pressure is utilized to 
cause intimate contact between the mating surfaces. The bonding alloy foil melts and solidifies 
isothermally at the bonding temperature. Bond joint mechanical properties approaching those 
of the base metal are obtained by proper selection of the bonding alloys composition, time, 
temperature and pressure. The bonding alloy used was PWA 1182, which has a composition 
similar to MAR-M-200+Hf. This bonding alloy was successfully used to TLP bond single 
crystal and directionally solidified MAR-M-246+Hf under a previous NASA program, 
NAS8-33109. Bonding of extensions to the test material is illustrated schematically in figure 6. 
Transverse crack growth specimens were obtained without the need for TLP bonding as shown 
in figure 7. Transverse for crack growth specimens means orientation such that crack growth 
properties perpendicular to the primary grain direction would be determined. The trans- 
verse-oriented PWA 1480 tensile, creep, and LCF specimens were machined from the 7.6 cm 
(1.25 in.) square blocks and did not require TLP bonding of additional material. 
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Table 2 * Turbine Blade Alloys Evaluated for Meehankal Properties in High Pressure 
Hydrogen Environments 


MAU»M*246 Directionally Howmct 

(Hf Modified) Solidified 


MAH-M-2‘U) Single Crystal Howmet 
(Hf Modified) 


PW 1-180 Biiigle Crystal Howmet 


ikoj No. Af i*TesUd C ondition (Heat 
DE^ Cycled Tiw®C/22 hrin^^^ 

vacuum/Hoat to 1221’C 

Solution HTj 1221HV2 l>r in vac- 
uum/Cool to room teiiip 

Precipitation HTj 871HV21 hr in vae- 
uum/Cool to room temp 

DE-008 TLP Bond Cycle"; UD6«C/22 hr in 
heat to 1221‘^C 

Solution HT: 1221^CV2 hr in vneu* 
um/Cool to room temp 

Precipitation HT; 871®C/24 lir In vac* 
uum/Cool to room temp 

P,0»*a Solution HTi 1288*^0/4 hr in protec* 

29B577» live atmos/Cool at in9®C/min to 

208578* 871**C/AC 

298750 


Coating 1079^'At hr in protecllve 
aimos/Cool at ili'l^O/min to 
87rC/AC 


Precipitation HT; 87PC/32 hr In 
air/AC 

"Only transverse oriented LCP, Creep, and Tensile specimen material received this TLP Bond cycle to obtain 

sufficient lej)gth of ra^rmrterjal^inj^i 2 ®'H^l'^i 
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Longitudinal Sactlon 


Transvarsa Sactlon 


Figurr 5. Typical Micnmlruiture of Heal Treated Single Cryntal TWA NHO 







Note: No TLP Bondfng Required for Transverse 

Testing of Craok Growth Specimens 

Fo trtMt 

Figure 7. Typical Test Blank Layout for Compact (Crack Groicth) 
MAR-M-24(i + Ilf Specimens 

After bonding and heat Iroalmcnt, microstructure ond crystal orientation wore examined 
for most of the cast test blocks. Crystallographic orientation of the single crystal material was 
determined by the Laue back rellection technique. Transverse direction single crystal speci- 
men orientations could vary from the [OlO] to the (110| direction. Since the (010) direction is a 
primary cubic crystal axis direction, properties of transvcrsc-oricntcd test specimens with axes 
along the (010) direction were expected to be very similar to those of longitudinal specimens 
(oriented along the (001) direction). Consequently, where sufficient test material was available, 
cast bars with orientations near the (110) direction were preferentially selected for transverse 
property testing, 

Standard tensile, creep-rupture, and crack growth specimens were machined accord- 
ing to prints presented in figures 8 through 11. (Note: all dimensions on specimen prints are in 
inches). The standard tensile specimen (figure 8) was too long to be made from the TLP 
bonded transverse raw materiol, hence a smaller version (figure 9) was used in those cases, 
Figure 12 depicts the orientation of finish-machined test specimens relative to the 
MAR-M.246+Hf (DS and SC) cast bars. 

Results of the orientation analysis appear in figures 18 and 14 and tables 4 through 7. 

Failed crack growth specimens of each alloy were etched to better illustrate the crack 
propagation path relative to the solidification direction (figure 15). 

All specimens were machined by the Pratt & Whitney Aircraft Group, Materials Control 
Laboratory Machine Shop and finished to on overage roughness of 8 n‘in. rms or less. 

All test specimens were visually examined prior to testing in normal light and with 
fluorescent penetrant to screen for machining anomalies or surface discontinuities. Additional 
specimens were randomly selected for thorough dimensional inspection to ensure conformance 
to print requirements. 
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—Cham 0,030>0,040 x 45'’ 0.375-16 UNJC-3A 



)tes: 

1. All Dimensions In inches 

2. All Dia Must Be Concentric Within 0.001 FIR 

3. Gage Section To Be 8 ± 3 Microinches AA 

Grind Finish 

4. All Dim + 0.003 Unless Noted 

5. Ola of Gage Section To Be Slightly Smaller at 

Center (Approx 0,0015) 

FO 2237 IB 

Figure 8, Standard Tensile Specimen 



Center Holes Permitted 



Notes: 

1. All Dimensions In Inches 

2. All Dia Must Be Concentric Within 0.001 FIR 

3. Gage Section To Be 8 ± 3 Microinches AA 

Grind Finish 

4. All Dim ± 0.003 Unless Noted 

5. Dia of Gage Section To Be Slightly Smaller At 

Center (0.0015) 

FD 2237ifl 


Figure 9, Standard Creep- Rupture (or Alternate Tensile) Specimen 
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Figure 10. Strain Control LCF Specimens 
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Table 4. Specimen Orientations for Longitudinal PWA 1480 Testing 


Longitudinal LCF Longitudinal Creep Rupture Longitudinal Teim'le 

firman, ’myrnm i„n,p ii . i .-in,» i .n.. i . i i i .. ii i i 


S/N 

An/^ie from 
fOOlJ CDcirees) 

S/N 

An^ie from 
(001] 

S/N 

Afifik from 
(001] (Dmm) 

AE-2 

4 

2B12 

9.0 

AF-2 

4 ’ 

AR-2 

6 

LEI 

6.0 

AC,.] 

2 

AZ*2 

5 

lElO 

8.6 

AJ4 

1.6 

AS-2 

5 

1E3 

8,6 

AY-2 

7.8 

BA-2 

5 

m 

8.6 

AN-2 

7.0 

BB-2 

5 

2Ei6 

9.0 

BA-1 

10.0 

M 

U 

2E11 

1.6 

AJ.2 

7.0 

K4 

6 



AF-l 

2.0* 




Table 5. 

Specimen Orientations far 
1480 Testing 

Transuerse PWA 


An^le from 

Anfik from 


.s/^ 

fOOlJ (Def^recs) 

(110] 

Slab 

fromvme WF 



,|L 

81.6 

not moasured* 

B-2 

514 

81.6 

not measured^ 

B-2 

8L 

81 

not moasured* 

G-l 

7B 

81 

not measured* 

C*1 

8L 

81 

not measured* 

C-1 

9L 

81 

not ineasured* 

C-1 

13L 

84.5 

not measured* * 

B-1 

Tromvmc Tensik 



1-T 

81.6 

not measured* 

B-2 

2-T 

81.6 

not moasured* 

B-2 

lO-T 

81.5 

not measured* 

B-1 

lUV 

Bl.5 

not measured* 

B-J 

18-T 

88.6 

not measured* 


17^'r 

86,6 

not measured* 

nvi 

la-T 

86.6 

not moasured* 

TA 

Triifuwm0 Crack Growth 



W-2 

83.6 

not measured 

W-2 


84,0 

not measured 

R-3 

K-B 

87.6 

not moasured 

E-3 

A 

85-88 

not measured 

G2> V-2p X-1, K-2 

B 

86-88 

not measured 

G2* V*2, X-l, K-2 

MCI 

85-88 

not measured 

G2, V-2, X-1] K-2 

MC2 

85-88 

not measured 

G2, V^>2, X4. K-2 


*lnsiifficieht mtitorml elimhmicd tho ability to $oldct bars with optimum 
crystallographic (UO) orioutation in the x^y plana of the bars, Speci- 
meiia WTO perpendicular to the bars solidification direction. 
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Table 6. Transverse Specimen Orientations 
for Single Crystal MAR-M-246 + Hf 
Testing 


S/N 

Bar 

""fi 

Anffile from 
[001} (Deirees) 

v4fi|?/G from 
ft 10] (Degrees) 

Transvenc LCF 
TS-U 1.7 

A 

A 

TS-12 

1.7 

A 

A 

TS.I3 

1.7 

A 

A 

TS-14 

L-2 

14 

A 

TS-16 

L.2 

14 

4 

TS-16 

L.2 

14 

4 

TS-17 

C6 

6 

25 

TS-18 

C.6 

6 

25 

7VarKSoer.'?e Tcmile 


TS4 

H-7 

5 

20 

TS-2 


5 

20 

TS-3 

H*7 

6 

20 

TS-4 

H.7 

5 

20 

TS^5 

H-7 

5 

20 

TS.6 

J-2 

B 

0 

TS.7 

J-2 

5 

0 

TS-8 

J.2 

5 

0 

Tmrmene Crack Growth 


S-19 

0-6 

not measured* 

not measured 

S-20 

N-O 

not measured* 

not measured 

S-21 

M4 

not measured* 

not measured 

S-22 

N-1 

not measured* 

not measured 

S-23 

0.7 

not measured* 

not measured 

S‘24 

N-7 

not measured* 

not measured 

S-25 

K.2 

6 

38 


*Not measured on these bars, 
21 bars Were measured. 

One bar exceeded lO deg. 
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Table 7. Specimen Orientations for Longitudinal Single Crystal MAl{-M’246 
+ Hf Testing 

W/.V_ /roni [OOl J , 

liimiti t u ft I nal Teim te 

51 06 

52 06 

S!1 06 

S4 N6 

Sf) NO 

Sfi N6 

S7 Ml 

SH Ml 

l.nngitudinal Crf>'p tlupturc 

511 Nl AnRle from (001) not menaured. Specimens tnken pnrnllel lo solid- 

512 Nl ification direction of bar. 

Sl.'l 07 

SM 07 

515 07 

516 N7 

517 N7 


111 



FD 2S3e69 


Figure h'i. Unit Stereographic Triangle (Inverse Pole Figure) for Crystallo- 
graphic Axes Orientation of Cast Blank Single Crystal 
MAR-M-246 + Hf Test Material 


Not measured, specimens taken parallel to solidincatlun direction of 
bar. 21 candidate bars for transverse pro|>crly icstinB were measured. 
One bar exceeded 10 deg. 








PWA 1480 (SC) Mag 1.5X 


Figurf IS. Crack Growth Specimen Orientation (for Crack Growth Per- 
pendicular to Solidification or Primary Crystal Axis) 
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SECTION IV 
TENSILE PROPERTIES 


A. INTRODUCTION 


Th« smooth tensile properties of three nickehbase alloys were investigated in a 34,5 MPa 
(6000 psig) hydrogen environment. Temimraturo ranged from 25®C (77®F) to 871"C (1600®F), 
Tensile tests established ultimate and 0.2% yield strengths, elongation, reduction of area, and 
modulus of elasticity. These properties are compared in two orientations, longitudinal and 
transverse to the solidification direction, for MAR>M-246+Hf in the directionally solidified 
and single crystal forms, and for single crystal PWA 1480. 

B. RESULTS AND CONCLUSIONS 

The effects of temperature and orientation upon the tensile properties of the alloys tested 
under this contract appear in figures 16 through 18, Results are also presented for previous 
contract testing (NAS8'30744 Report FR-7746) of DS MAR*M*246+Hf in figure 19, The mean 
values for the repeated tests at each temperature are plotted. 

The tensile strengths were generally at a maximum for the alloys at 760®C (1400®F) 
based on comparing the results at 25, 760, and 87l°C (77, 1400 and 1600®F), Ductilities were 
greatest at the maximum test temperature of 871®C (1600®F), Significant differences in tensile 
properties occurred due to specimen orientation. The strengths were approximately 10% 
higher in the longitudinal direction than in the transverse direction for all alloys. Ductilities 
were generally higher in the transverse direction. 

The effect of temperature and orientation upon the moduli of elasticity for the alloys is 
shown in figure 20. As with the other tensile properties, specimen orientation had a large 
effect, The transverse moduli were from 30’100% greater than the longitudinal moduli. 

The rank order of both ultimate and yield strengths (best to worst) for the materials 
tested at room temperature is; 


1. PWA 1480 longitudinal (L) 

2. DS MAR-M-246+Hf longitudinal (L) 

3. PWA 1480 transverse (T) 

4. SC MAR-M-246+Hf longitudinal (L) 

5. DS MAR-M-246+Hf transverse (T) 

6. SC MAR»M-246+Hf transverse (T) 


At 760C (1400° F) the ranking is slightly reordered: 


Ultimate Slrenath 

1. PWA 1480 (L) 

2. DS MAR-M.246+Hf (L) 

3. SC MAR-M-246+Hf (L) 

4. PWA 1480 (T) 

5. SC MAR.M-246+Hf (T) 

6. DS MAR.M.246+Hf (T) 


0.2% Yield 

PWA 1480 (L) 

DS MAR.M.246+Hf (L) 
PWA 1480 (T) 

SC MAR.M.246+Hf (Id 
SC MAR-M-246+Hf (T) 
DS MAR.M-246+Hf (T) 
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0 Longitudinal 
^ Transversa 

Note: Average Values Plotted from Multiple Teats 










25 93 204 316 427 538 649 760 871 

( 77 )( 200 ) ( 400 ) ( 600 ) ( 800 ) ( 1000 ) ( 1200 )( 1400 ) ( 1600 ) 

Temperature - ®C (®F) 

Fif^ure IS, Effect of Tempetature on Tensile Properties of Directionallv 
Solidified MAR-M-246 + Hf (in Hydrogen at B4.S MPa (5000 
psig)} 


f D 2S376B 



Percant 


Strength - MPa (ksi) 



50 
40 
30 
20 
to 
0 

FD 223759 


Figure 17. Effect of Temperature on Tensile Properties of Single Crystal 
MAR‘M‘246 ’t Hf (in Hydrogen at 34.5 MPa (5000 psig)) 
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Percent 



25 93 204 316 427 538 649 760 871 

(77H200) (400) (600) (800) (1000) (1200) (1400){1600) 

Temperature - ®C (°F) 


Figure 18. Effect of Temperature on Tensile Properties of PWA 1480 (in 
Hydrogen at 34.5 MPa (5000 psig)) 




Modulus of Elasticity « MPa X 10^ (psi X 10^ 



Temperature - ”0 (°F) fo 223762 


Figure 20. Effect of Temperature on Modulus of Elasticity for Turbine Blade 
Alloys (in Hydrogen at 34.5 MPa (5000 psig)) 


At 87l*C (1600”F) the rank order again changes: 


Ultimate Strength 

1. PWA M80 (L) 

2. DS MAR-M-246^‘Hf (L) 

3. SC MAR-M-246+Hf (L) 

4. PWA 1480 (T) 

5. DS MAR M-246+Hf (T) 

6. SC MAR*M-246+Hf (T) 


0,2% Yield 

SC MAR-M-246+HI; (T) 
DS MAR-M-246+Hf (T) 
PWA 1480 (L) 

DS MAR-M-246+ Hf (L) 
PWA 1480 (T) 

SC MAR-M-246+Hf (L) 


These conclusions are tentative, being based upon very limited testing and the inherent 
variability in properties of anisotropic materials. Some data scatter may also be attributed to 
primary crystal axis [001] orientation for the longitudinal tests, and transverse axis [110] 
misalignment among the transverse tests. 

Test results are listed in tables 8 through 13. 


7'able 8. Longitudinal Tensile Results for Directionally Solidified MAR’M-246 + Hf in 
Hydrogen at 34,5 MPa (5000 psig) 


Spec 

S/N 

b-1 




Stre nfilh 

gjg Yield UUlmate 

MPa 


Ductility 


hsi 


MPa ksi 


EL 

% 


RA 

PA 


Modulus of 
Elasticity 

MPa X /O* 
Cpsi X I0“) 


ii'r 


UT 


879.8 127.6 


D.2 

IVV 

rrr 

867.4 

125,8 

D*a 

760 

MOO 

1088,0 

157,8 


760 

MOO 

1000,6 

145.1 


760 

1400 

1017,7 

147.6 

D^7 

871 

1600 

616.4 

89.4 

D-8 

871 

1600 

606.4 

101.0 

DM 

871 

1600 

710.9 

103.1 


906,7 

131.6 

3,0 

10.8 

113.1 

(16,4) 

900.5 

130.6 

3.0 

8.6 

117.9 

(17.1) 

1099.7 

159.5 

lO.O 

11.7 

106.9 

(15.5) 

1172,2 

170.0 

6,0 

7.7 

82.7 

(12.0) 

1106.6 

160.6 

7.0 

11.6 

82.7 

(12.0) 

732.2 

106.2 

14.0 

15.2 

64.8 

(9.4) 

806.7 

117.0 

16.0 

15.8 

68.3 

(9.9) 

843.2 

122.3 

12.0 

15.3 

77.2 

(11.2) 
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Table 9, Transwrse Tensile Results for Directionally Solidified MAR’M’246 + Hf in 
Hydroften at 34.5 MPa (5000 psig) 


Spec 

m . 

7Vm/?t»raJu^ 


Sttenpth ^ 

thiclility 
EL RA 

ModithiH of 
Hltmicily 
MPa X !0' 




M 


hi 



ihd 


lif 

*7661) 

Ul.l 

805.3 

116,8 

4.0 

10.f ~ 

152.4 

(22.1) 

!)*10 

Kf 

irr 

760.5 

110.3 

799.8 

IIC.O 

4.0 

6.9 

155.8 

(22.6) 

Dll 

760 

MOO 

824.6 

U9.B 

930.8 

135.0 

4.0 

6.2 

117.9 

(111) 

D-I2 

760 

MOO 

820.9 

119.6 

905.3 

131.3 

4.0 

13.2 

1M.5 

(16.6) 


760 

\m 

801.5 

120.6 

910.1 

132.0 

4.0 

12.3 

124.8 

(18.1) 

D49 

871 

1600 

702.6 

101.9 

774.3 

U2.3 

9.6 

31.8 

102.7 

(M.9) 

l).20 

871 

1600 

734.3 

106.5 

799.8 

116.0 

13.0 

24.1 

111.7 

(16.2) 

D’21 

871 

1600 

672.3 

97.6 

744.0 

107,9 

8.0 

M.4 

93.8 


JMVi*!...., 


Table 10. Longitudinal Tetmle Results for Single Crystal MAR-M-246 + Hf in 
Hydrogen at 34.5 MPa (5000 psig) 


Spec 

S/N..^.^^ 

Temperature 


Strcnfiih 

Yield l^iimate 

EL RA 

Modulus of 
Eiastivity 

MPa X W ' 
Jpsl X W'*) 



MPa 



hi 




" Irr 

RT 

792.9 

116.0^ 

808.8 

117.3 

2.0 

10,0 

103.4 

(15.0) 

vS^2 

HT 

RT 

792.9 

115.0 

815.7 

118.3 

4.0 

11.4 

107.6 

(15.6) 

S-3 

760 

1400 

881.9 

127.9 

1063.9 

164.3 

10.0 

15.9 

76.5 

Ul.l) 

S-4 

760 

MOO 

881.9 

127.2 

1056.3 

153.2 

n.o 

M.7 

77,9 

a a) 

S«6 

760 

1400 

886.7 

128.6 

1072.2 

155.5 

10.0 

15.2 

83.4 

(12.1) 

S-6 

871 

1600 

647.4 

93.9 

785.3 

113,9 

10.0 

16.8 

69.0 

(10.0) 

S^7 

871 

1600 

632.3 

91.7 

788.1 

114.3 

15.0 

20.9 

74.5 

(10.8) 

S-8 

871 

1600 

652,9 

94.7 

776.4 

112.6 

15.0 

18.0 

71.7 


( 10 . 4 ) 


Table II, Transuerse Tetwile Remits for Single Crystal MAR-M’246 + Hf in Hydrogen 
at B‘i.5 MPa (5000 psig) 






Strength 


Ductility 

Modulus of 

Spec 

S/N 

Temperature 

0.2tr Yield 


EL 

% 

PA 

<*£■ 

EtaHicity 

MPa X /()’ 
(p»i X id*) 

*C 

*F 

MPa 


MPa 

ksi 

TS4 

RT 

^ RT 

740.7 

108.3 

700.6 

110.3 

4.0 

13.8 

137.9 

(20.0) 

TS-2 

RT 

RT 

761.0 

109.0 

763.9 

110.8 

5.1 

16.1 

139.8 

(20.2) 

Ts.a 

760 

1400 

848.1 

123.0 

973.6 

141.2 

14.0 

27.9 

110.3 

(16,0) 

'IVS-4 

760 

1400 

827.4 

120.0 

966,3 

140.0 

14.0 

27.9 

98,6 

(14.3) 

TS-8 

760 

1400 

801.9 

125.0 

968.7 

140.5 

12.0 

22.2 

86.9 

(12.6) 

TS-6 

871 

1600 

693.0 

100.6 

726.0 

105.3 

33.0 

41.7 

144.8 

(21.0) 

TS-7 

871 

1600 

710,2 

103.0 

732.2 

106.2 

29,0 

43.6 

133.8 

(19.4) 

TS-8 

871 

1600 

710.2 

103.0 

726.0 

105.3 

27.0 

44.B 

130.3 


(18.9) 


Table 12, Longitudinal Tensile Results for PWA 1480 in Hydrogen at 34,5 MPA (5000 
psig) 






Strength 


Ductility 

Modulus of 

Spec 

S/N 

Temperature 

0,2% 

Yield 

f/lt/mate 

EL 

RA 

Elasticity 

MPa X Id' 
(psi X id*) 


®F 

MPa 

ksi 

MPa 

ksi 

% 

% 

AP.2 

RT 

RT 

1050.8 

162.4 

1115,6 

161,8 

4,0 

9.4 

108.9 

(16.8) 

AG‘1 

RT 

RT 

1012,2 

146.8 

1063,9 

154.3 

3.3 

10.4 

109,6 

(15.9) 

AG-2 

690^ 

1275 

1197,0 

173.6 

1313.5 

190.5 

4.7 

5.9 

83.4 

(12.1) 

A34 

760 

1400 

1060,5 

153.8 

1214.2 

176,1 

5.3 

7.6 

78,6 

(11.4) 

AV-2 

760 

1400 

1043.2 

151.3 

1186.6 

172.1 

6.7 

9.9 

77.9 

(11.3) 

AN^2 

871 

1600 

644.7 

93.5 

838.4 

121.6 

24.0 

26,2 

75.2 

(10.9) 

BA-1 

871 

1600 

677.1 

98.2 

881.2 

127.8 

17.3 

23.0 

75.2 

(10.9) 

AJ-2 871 1600 724.7 105.1 

*Run ut 690® C due to temperature cont. malfunction 

877.7 

127.3 

10.7 

18.5 

69.0 

(10.0) 
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Table 13. Traneverse Tensile Results for PWA 1480 in Hydrogen at 34,5 MPA (5000 
psig) 








Ductility 

Modulus of 

Spec 

S/N 

Temperature 

0.2^7. 

Yield 

Ultima ie 

EL 

RA 

Elasticity 

MPa X /o' 
(psi X to'*) 

*c 

*F 

MPa 


MPa 


‘•c 

% 

UT 

HT 

RT 

8704 

127.5 

881.9 

127.9 

4.7 

17.9 

149.6 

(21.7) 

2-T 

HT 

RT 

842.6 

122.2 

842.6 

122.2 

4.7 

19.4 

148.9 

(21.6) 

lO-T 

760 

1400 

972.2 

141.0 

1050.8 

152,4 

11.3 

15.9 

141.8 

(20,5) 

U-T 

760 

1400 

9684 

140.4 

1068.7 

165.0 

4.7 

5.9 

167.9 

(22.9)* 

16-T 

871 

1600 

672.3 

97.5 

777,8 

U2.8 

10.7 

15.9 

141.3 

(20.6) 

17-T 

871 

1600 

624.7 

90,6 

731.6 

106.1 

16.7 

24.5 

137.2 

(19,9) 

la-T 

871 

1600 

696.4 

lOl.O 

811.5 

117.7 

12.7 

15.9 

144.1 


(20.9) 

•Failed in radius 


C. TEST PROCEDURE 

All tensile tests were conducted per ASTM E8-69, “Tension Testing of Metallic Materi- 
als,” using two sntooth specimen designs. The test specimen used depended upon the size of 
the raw material and the specimen orientation. All longitudinal and transverse PWA 1480 tests 
used the longer tensile specimen shown in figure 8. The MAR-M-246+Hf longitudinal, and 
transverse tensile tests which required TLP bonding of the raw material, necessitated use of 
the smaller specimen shown in figure 9. 

Smooth specimens were tested at a strain rate of 0.005 mm/mm/min ( in./in./min) to 
yield and a crosshead speed of 1.27 mm/min (0.05 in./min) from yield to fracture. 

All tensile testing was conducted on a Tinius Olsen 266.8-kN (60,000-lb) capacity tensile 
machine, equipped with a P&WA-designed and developed pressure vessel. All controls and 
instrumentation readout equipment are located inside an adjacent blockhouse. This equipment 
is shown in figures 21 and 22. 

Various views of the pressure vessel showing specimen, extensometer, and furnace setup 
are presented in figure 22. The vessel is made of AISI 347 stainless steel and incorporates a 
high-pressure GrayLoc connector. A compensating device built into the base of the vessel 
eliminated the effect of loads resulting from differential specimen and adapter cross-sectional 
areas. 
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Figure 2L Tensile Machine, Test Environmental Control and Data Acquisi- 
tion Equipment 

To meaHure Hpecimen strain for Ixith r(M)in temperature and elevated temperature tests 
an averaicinK'type linear variable displacement transducer (LVI)T) extensometer system was 
used (fiiture 2«l). Specimen load was determined by both the tensile machine load measuring 
system and an internal strain gage-type load cell; thus, absolute specimen load was known and 
friction at the pressure vessel seals was of no consequence. Electrical connections U> the 
internal load cell, extensometer, thermocouples, and furnace were made through the bottom of 
the pressure vessel via high-pressure bulkhead connectors. 

For elevated temperature testing, a two-zone resistance furnace with separate control 
systems for each zone was used. The furnace surrounds the specimen and fits within the frame 
of the pressure vessel. Thermocouples attached to the specimen gage section were used to 
monitor and control temperature during test. Temperature was controlled uniformly over the 
specimen gage section for all tests using calibrated thermocouple, temperature readout, and 
control instrumentation. 

Prior to test, specimens were rinsed with trichlorethylene, wiped dry, rinsed with acetone, 
wiped dry, and inserted into the test fixture. All handling of specimens was done with clean 
gloves. 
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Figure 23 Averaninu Typr LVDT Extennometer Syutem 


Pericidic checkii of hydrogen tent environmenU revealed oiyKen leveU leait than 1 ppm. 
Thin purity level wan obtained using the following test prcK'edure: 

1. Secure pressure vessel 

2. Pressurize to 0.34r> MPa (5() psig) with nitrogen gas and leak check 

3. Vent system to 0.0345 MPa (5 psig I 

4. Repressurize and vent with nitri»gen gas (steps 2 and 3) two additional 
times 

5. Pressure purge U) 3.45 MPa (5(X) psig) with hydn»gen gas 

6. Kvacuate pressure vessel, gas supply, and sampling system to an in- 
dicated al)solute pressure of 0,00007 MPa (0.(K)96 psia. 500 microns) 

7. Repressurize and evacuate system (steps 5 and 6) two additional times 

8. Pressurize system to 3.45 MPa (5(X) psig) with hydrogen gas and obtain 
gas sample 

9. Pressurize to 34.5 MPa (5.(MX) psig) with hydrogen gas and conduct test 

10. Vent t4) atmospheric pressure, flow and pressure purge with nitrogen gas. 
open pressure vessel and remove failed specimen. 

Tensile properties, including 0.2% offset yield strength, ultimate strength, percent 
elongation, reduction of area, and modulus of elasticity were obtained for all specimen tests 
from the load deflection X-Y plotter curves. 
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SECTION V 
CREEP'IIUPTUflE 


A. INTRODUCTION 

1'ho creep>rupturo properties of two single crystal nickeNbasc alloys were determined in 
34.5 MPo (6000 psig) hydrogen and hydrogonstenm environments at 760®C (I400®P) and 
87l“G (1600*F). Testing established creep rate, rupture life< elongation, and reduction of area 
in the longitudinal direction for single crystol MAR-M*2464’Hf and PWA 1480. Data from 
previously tested Directionally Solidified MAR'M*2464-Hf (from NAS8»30744, PR-7746) is 
presented for comparison. 

■. RESULTS AND CONCLUSIONS 

Creep stress vs time curves for SC MAR-M-246+Hf and PWA 1480 are presented in 
figures 24 through 27. Time to creep 0.6%, i.0% 2.0%, and rupture are given for the alloys at 
760®C (1400®P) and 871®C (1600®P) in both hydrogen and hydrogen-water vapor environ- 
ments. Figure 28 depicts stress-rupture properties of DS MAR-M-246+Hf from earlier 
contract work. 

At 760°C (1400®F), PWA 1480 was superior in stress rupture to SC and DS 
M AR-M-246+Hf by approximately one half to one order of magnitude (figures 27 and 28). The 
DS MAR-M-246+Hf was generally superior to the SC MAR-M-246+Hf by between 10% and 
nearly an order of magnitude. This wide variation may be attributed to single crystal 
orientation angle and/or data scatter with limited testing. 

At 871®C (1600®P) the same rank order exists for the stress rupture properties of the 
alloys, i.e., PWA 1480 followed by DS MAR-M.246+Hf, then SC MAR-M-246+Hf. The PWA 
1480 material had approximately one half an order of magnitude improvement in stress 
rupture life over the SC MAR-M-246+Hf, and general superiority over the DS 
MAR-M-246+Hf between zero (no difference) and one half an order of magnitude, 

The presence of water vapor (60% by weight) in the hydrogen atmosphere had no effect 
on the creep-rupture properties of PWA 1480 at 871°C (1600°F). However the creep-rupture 
behavior of SC MAR-M-246-l-Hf was degraded significantly, with a 70% reduction in stress 
rupture life due to the addition of water vapor to the environment when compared with 
hydrogen alone. 

Creep strain vs time curves are plotted In figures 29 through 32 for all creep testing under 
this contract, and in figures 33 through 36 for the DS MAR-M'246+Hf tested under previous 
contract work (NAS8-30744, FR-7746). 

As with the tensile and other testing under this contract, these conclusions are based on 
very limited testing (only a single H.+H.O test to examine environmental degradation) and the 
results could change with additional investigation using a statistically based test matrix. Other 
factors such as anisotropy, primary crystal axis orientation, and random data scatter may also 
have a large effect. 

Results for the creep testing are listed in table 14. 


Blank mot ftLMEo 
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Note: Data Taken from NAS8 -30744 
Final Report FR-7746 
(Longitudinal Data) 
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G] Hydrogen, 760«C (1400® F) 
A Helium, 87rc (1600®F) 

■ Hydrogen, 871“C (1600“F) 


Time - hr 

Figure 28. Stress-Rupture of Directionally Solidified (DS) MAR-M-246 -F Hf 
in 34,5 MPa (5000 psig) Helium and Hydrogen (Longitudinal 
Direction) 
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FD 2236( 

Figure 29. Creep Stress-Rupture for Single Crystal MAR-M-246 + Hf at 
760° C (1400° F) in 34.5 MPa (5000 psig) Hydrogen Environment 
(Longitudinal Orientation) 
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Figure 30. Creep Stress-Rupture for Single Crystal MAR-M-246 + Hf at 
87V^C (1600°F) in 34.5 MPa (5000 psig) Hydrogen Environment 
(Longitudinal Orientation) 
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Figure 3L Creep Stress-Rupture for PWA 1480 at 760^C (MOO'^F) in 34,5 
MPa (5000 psig) Hydrogen Environment (Longitudinal Orien- 
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igure 32. Creep Stress-Rupture for PWA 1480 at 871° C (1600° F) in 34.5 
MPa (5000 psig) Hydrogen Environment (Longitudinal Orien- 
tation) 


Helium 
Q Hydrogen 


758 MPa (110 ksi) 


758 MPa (110 ksi) 

/ 

y 

y 


( 3 ^- 




Note: Data Taken from NAS8-30744 
Final Report FR-7746 
(Longitudinal Data) 
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Figure 33. Creep Stress-Rupture of Directionally Solidified (DS) 
MAR-M-246 + Hf in 34.5 MPa (5000 psig) Gaseous Environments 
(Longitudinal Direction) 






Figure 34, Creep Stress-Rupture of Directionally Solidified (DS) 
MAR-M-m + Hf in 760*C (1400‘^F) 34.5 MPa (5000 psig) 
Gaseous Environments (Longitudinal Direction) 



FO 22380S 


Figure 35. Creep Stress-Rupture of Directionally Solidified (DS) 
MAR-M-246 + Hf in 87J°C (WOO^F) 34.5 MPa (5000 psig) 
Gaseous Environments (Longitudinal Direction) 
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Note; Data Taken from NAS8-30744 
Final Report FR-7746 
(Longitudinal Data) 
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figure 36, Creep Stress-Rupture of Directionally Solidified (DS) 
MAR-M-246 + Hf in 871“ C (1600“ F) 34.6 MPa (5000 psig) 
Gaseous Enuironments (Longitudinal Direction) 


Table 14. Creep Rupture Results for Turbine Blade Alloys (34.5 MPa (5000 psig) Hydrogen Environments, Longitudinal Orientation) 
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C. TEST PROCEDURE 


Creep-rupture tests were conducted per ASTM E139-70, "Conducting Creep, 
Creep-Rupture, and Stress-Rupture Tests of Metallic Materials," vrhere applicable, using 
round externally pressurized specimens. The test specimens used for the creep testing are 
described in Section III and detailed in figures 9 and 12. 

All tests were conducted on a modified 63.4-kN (12,000-lb) capacity Arcweld Model JE 
creep-rupture machine. The test machine was explosion-proofed and located in a test cell open 
to the atmosphere (figure 37). Controls and data recording equipment were located in an 
adjacent blockhouse. A high-pressure test vessel (figures 37 and 38), similar in design and 
operation to the vessels used for the tensile and LCF tests, was suspended in the test machine 
and counterbalanced to maintain the load lever arm in a level position. 

The design of the test specimen inchided pin holes for positive location and gripping of 
creep-measuring extensoincter heads. Load rods and adapters incorporated pin joints, which, 
in effect, formed universal joints at the ends of the specimen to eliminate alignment errors and 
bending stresses on the specimen. 

The extensomoter system was a dual LVDT averaging-type and was located inside the 
high pressure vessel. The extensometer output was recorded in the adjacent blockhouse as 
elongation vs time for all creep-rupture tests. The extensometer system is shown in figure 39. 

Elevated temperatures were obtained using a two-zone resistance-type furnace with 
individual zone temperature control and monitoring. The independent zone control provided 
even temperature over the specimen gage length. Temperature was monitored and controlled 
by three thermocouples looped around the specimen gage section. The furnace system was 
contained within the pressure vessel (figure 38C), The thermocouples and furnace leads can be 
seen extending to the base of the furnace in this figure, 

The test and gas handling procedures used for the tensile tests were also used for the 
creep-rupture tests. 





(a) Vessel Closed 



(b) Vessel Open Showing DS (c) Vessel Open With 

Material Specimen in Place Furnace Installed 

FO t0tl9fA 

Figure 3H. Viewn of Creep-Rupture Fresnure Vesnel 





SECTION Vi 
LOW CYCLE FATIGUE 


A. INTRODUCTION 

Strain controlled low cycle fatigue (LCF) tests were conducted to establish cyclic life of 
single crystal and directionally solidfied MAR*M‘2464*Hf and PWA 14$0 in gaseous hydrogen 
and steam enriched hydrogen environments* Specimens were oriented in both transverse and 
longitudinal directions relative to the casting solidification direction. Specimen orientations 
are shown in figures 6 and 12. 

Smooth, round, solid specimens were used for the strain»controlled LCF tests conducted 
under this contract. The test specimen is depicted in Hgure 10. The specimen configuration 
incorporates integrai machined extensometer collars. A calibration procedure has been estab'* 
lished to relate the maximum straln*to*'Collnr deflection during both the clastic and plastic 
portion of the strain cycle. The specimen design and calibration procedure were verified both 
experimentally and analytically. 

Isothermal strain-controlled LCF characteristics were determined using a servo hydraulic, 
closed-loop on axial strain, LCF testing machine, designed and built at P&WA/GPD. The test 
machine is located in an Isolated test cell with all controls and instrumentation located in an 
adjacent blockhouse. 

Specimen axial strain was measured and controll ’ means of a proximity probe 
extensometer. Split extensometer heads were attached U v ..ecimen by mating the grooves 
in the heads with the integral collars on the specimen and bolting the assembly together. 
Collar deflection was measured and controlled via proximity probes attached to the OF>cn ends 
of the extensometer tubes so that the extensometer rod ends moved relative to the probes as 
the specimen collars deflected. 

A typical cycle for a cyclic nondwell test with a fully reversed strain cycle (t « 0) is 
illustrated in figure 40. 

B. RESULTS AND CONCLUSIONS 

Low cycle fatigue test results for all three alloys are presented in tobies 15 through 19. 
Composite plots of all of the LCF hydrogen data produced in this contract plus DS and SC 
MAR M-246+Hf data generated under a previous contract (NAS8-33109, FR-11852) at 760°C 
(1400“F) appear in figures 41 and 42. 

Some SC MAR-M-246+Hf data from the previous contract is classified as longitudinal 
since the crystal orientation was such that a primary axis was coincident with the loading axis 
of the specimen. This data was termed transverse in the previous report (FR-11852). From the 
composite plots in figures 41 and 42 it can be seen that at 760'’C (1400®F) and above 
1.6% the rank order of the fatigue capabilities is: PWA 1480 longitudinal, SC MAR-M-246+Hf 
transverse*, PWA 1480 transverse, SC MAR-M-246fHf transverse and DS MAR-M-246+Hf 
transverse. At lower strain ranges (approximately 1.0%) the rank order is: SC MAR-M-246+Hf 
transverse*, PWA 1480 longitudinal, PWA 1480 transverse, SC MAR-M-246+Hf and DS 
MAR-M-246+Hf transverse. 
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Table 15, Strain Control LCF Results for PWA 1480 (Lonyitudinat 
Orientationi in Hydrogen Atmosphere at 34.5 MPa (6000 
psig) Mean Strain " 0 Frequency » 0.067 Hz (4 cpm) 


r”" 




Strain 



_ lymperantre 

Total 

B/osBc 

tnelmltc 

ia Fmlure 

AB-2 

’ 7(5fln’ a4TO*p 

2.0 

1.04 

o.oe 0.06 

0,07 


AR-2 

760*C (I400*|i’) 

1.8 

1.40 

0.016 ».0,01 

0.02 


AZ-2 

7C0*(’ (1400*F) 

2.5 

2.37 

0.125 0.10 

0.16 

.187 

AS’2 

7C0*{' (1400*P) 

1.2 

UO 

‘.0.01 «.o,oi 

0.01 

8.914 

BA-2 

87l*(’ (ICOO*F» 

2.0 

1.8.1 

016 0.10 

0.17 

631 

BH-2 

87I*C (UWW’Fl 

1.5 

1.43 

0.07 0.00 

0.08 

1.047 

|.‘4 

871H' nrnH>*P) 

2.5 

2.17 

0.325 0.30 

0.36 

12.1 

K-2 

871*0 (imK)*F) 

l.O 

0.00 

0 036 ‘0.03 

0.04 

0.544 


Table 16. Strain Control LCF Results for PWA 1480 (Transverse Ori^ 
enlation) in Hydrogen Atmosphere at 34,5 MPa (5000 psig) 
Mean Strain * 0 Frequency " 0.067 Hz (4 cpm) 


strain ’ I 

Cycles 


m 

Temperature 

mat 

Elastk 


Afm 



4h 

700*C (14(H)*F) 

tn 

1.48 

0.07 ’ 

0.08 

0.09 

44r*’ 

Ms 

760*C (14(K)*F) 

1.0 

0J8 

0.015 

0.01 

<0.02 

6,275 

61.2 

7fiO*(' (141H1*F1 

2.0 

1.51 

0.49 

0.48 

0.65 

88 

71. 

871*0 U600*F1 

1.5 

L14 

0.86 

0.84 

0.88 

126 

8b 

871*0 (1600‘F) 

LO 

0.87 

0.18 

0.12 

0.14 

474 

9L 

871*0 {1600*F) 

0.75 

0.69 

0.055 

0.04 

0.07 

2,426 


Table 17. Strain Control LCF Results for Directionally Solidified 
MAR~M*2i6^ Hf (Transverse Orientation) in Hydrogen At- 
mosphere at 34.5 MPa (5000 psig) Mean Strain » 0 Frequen- 
cy *« 0.067 Hz (4 cpm) 



Imtastic Cyctcii 



Tempyraiure 

.3M 



Min 


to f^oilurc 

1)44 

“871*<(10^*fP 

0.9 

0.86 

0.04 

0.02 

' Too " 

826 

D46 

871*0 tlCOO'Fl 

1.2 

1.09 

0.U 

0.08 

0.14 

280 

D 46 

87l*C (1600’Fl 

0.7 

0.69 

€.0.01 

^.0.01 

0.01 

1.276 

1)47 

871*0 (10OO*F) 

0.5 

0.49 

<0.01 

<^0.01 

<0.01 

8,485 i 
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Table 1$. Strain Control LCF Results for Single Crystal 
MAR‘M-24(}’i-Hf (Transverse Orientation) in Hydrogen At- 
mosphere at MPa (6000 psig) Mean Strain - 0 Frequen* 
cy « 0.067 Hi (d cpm) 


^tmin *t 

Inelmtic Cvthg 


sm _ 

Temperature 


g(ojdic 


Mtn 


taFmlure 

n^sii 

871*C (IfiOO’F) 


0.89 ’ 

"oTi 

o!08 

"oTs 

m 

TS Ul 

871»C (1600*F) 

l.fi0 

1.21 

0.29 

0.26 

0.U2 

m 

TS Ift 

87i*c ueoo'Fi 

0.70 

o.eo 

0.04 

0.03 

0.06 


TS l« 

87l*C (10OO*F) 

0.80 

0.7S 

0.06 

0.0.1 

0.07 

m,m 

T.S 18 

87I*C (1600’K) 

1.0 

0.90 

0.09S 

0.08 

0.11 

mr 
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Table 19. Strain Control LCF Results of 'Purbine Blade Alloys in Gaseous H +H O (50‘1 Water Vapor 
by Weight) at 34.5 MPa (5000 psig) Mean Strain - 0 Frequency “ 0.067 Hz (4 cpm) 
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Alloy 

Ormitatum 

S/N 

Tmpmture _ 

MaL 

Ekstje 

Jnelartk 
Average Min 


Vycks 
io Fmlute 

PWA 1480 

Transverse 

lii. 

'“"1b71*0 (1600»F) 

I.0 

om 


0.14 

0.16 

652 

PWA 1480 

LonKiiudirmt 

b*2 

87l»0 (1600'F) 

1.6 

1.!17 

im 

0,07 

0.09 

0 17 

8?8 

1)8 MAH-M-246+Hf 

TrenaverBe 

I).18 

871*0 (1C00*F1 

0.9 

0.83 

0.06 

0.08 

:t*0 

80 MAa-M-246+Hf 

Tranaverse _ 

T8.I7 

871*0 (1600*F) 

1.0 

0.94 

0.00 

0.06 

0.07 


At &71“C (l60C®|i’) and above 1.3% the rank order of the fatigue capabilities is! 
PWA 1480 longitudinal, PWA 1480 transverse, DS MAR-M'246+Hf transverse, SC 
MAR-M-246+Hf transverse. Here the PWA 1480 longitudinal material had a fatigue capability 
approximately one order of magnitude greater than the other alloys, and there was little 
difference between PWA 1480, DS MAR-M-246+Hf and SC MAR*M'246+Hf In the transverse 
direction. At the lower strain ranges the rank order is: SC MAR-M*246+Hf transverse, PWA 
1480 longitudinal, PWA 1480 transverse, and DS MAR-M-246+Hf transverse. At these 
conditions there was little difference between the SC MAR*M*240+Hf transverse and PWA 
1480 longitudinal. Fatigue lives were also similar between PWA i480 transverse and DS 
MAR'M-2464-Hf transverse. There was a significant difference between the pairs with the SC 
MAR-M-246+Hf transverse and PWA 1480 longitudinal pair having a fatigue life approx* 
imately one order of magnitude greater than the PWA 1480 transverse and DS 
MAR«M-246+Hf transverse pair. 

♦This inaterini more closely cxhililtcd l 0 n|;ttudiiial behavior due to the transverse orientation of the cost bar aupiilying 
the 8|iecimcn.s actually being aligned with a principal crystal exis. This data was from earlier testing (NAS8-33109, 
Ht-lJ862). 
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Figure ^12. Comparimn of PWA H80 (LmgiUiciiml and Transverse), Trans- 
verse SC and DS, and MAlPM-246 + Hf in OHa at 34.5 MPa, 
Frequency * 0.067 Hz, It -I, Temperature ® 87PC (1600'^F) 




The addition of steam had little effect on PWA M80 or SC MAU-M*246 rHf hot 
degraded DS MAR-M-246+Hf by 60 percent. 

MAR*M*2464*Hf data from this contract is plotted s; figures 43 and 44. PWA 1480 
longitudinal/lrnnsverse comparison plots appear In Rgure» Mid 46, and PWA 1480 87 1 “C 
(IC00”F) hydrogen/hydrogen plus steam comparisons for longitudinal and transverse orien» 
tations appear in figures 47 and 48. In both cases, 760“C (1400"P) and 871"C* (1600®F), 
longitudinal PWA 1480 was superior to transverse by approximately one order of magnitude . 

These conclusions arc based on very limited testing and extrapolation of the data curves. 
Further testing could change the results presented here. 


GH, ) H,0 and GH, at 34.5 MPa, Freq 0.067 Hz, R *1 
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Alnelastic Strain 
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0 Total Strain 
# Inelastic Strain 
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PiMUt'C 43, Strain Control LCF Hcsults of Transverse Direetionally Solidified 
MAlMf-246 + Hfat S7PC (1600° F) 
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C. TEST PfIOCEDUIIE 

Smooth, round, solid specimens were used for the strain-controlled LCF tests conducted 
under this contract. The test specimens used are described in Section III and detailed in 
figures 10 and 12. The specimen configuration incorporates integral machined extensometer 
collars. A calibration procedure has been established to relate the strain to the collar deflection 
during both the clastic and inelastic portion of the strain cycle. The specimen design and 
calibration procedure were verified both experimentally and analytically. 

High-pressure environmental tests wore conducted on a closed-loop-type, hydraulically 
actuated test machine. The test machine is located in an isolated test cell with all controls and 
instrumentation located in an adjacent blockhouse (figure 49). A P&WA designed pressure 
vessel was mounted on the upper platen of the test machine. The vessel incorporates a Grayloc 
type high-pressure flange for sealing and case of assembly. The test machine compensates 
through the servosystem for the load in the specimen due to pressure acting over differential 
spccimcn/adapter areas. A pressure transducer is use to provide a feedback signal, proportional 
to chamber pressure, to the servocontroller. This signal was used in controlling a mean load 
applied to the linkage so ‘/.ero strain was maintained in the specimen gage when the vessel 
assembly was pressurized. This same load was then superimposed on the cyclic load during 
testing. 

Roth internal (to the pressure vessel) and external load cells were used to obtain cyclic 
load; thus, the effect of friction at the load rod seals was known and accounted for. Electrical 
connections to the load cell, extensometer system, furnace (for elevated temperature tests), 
and thermocouples were made through the vessel wall via high-pressure bulkhead connectors. 
Setups of the pressure vessel showing the extensometer system and furnace arrangement are 
shown in figure 50. 

For elevated temperature testing, a two-zone resistance furnace with separate control 
systems for each zone was used, The furnace surrounds the specimen and fits within the frame 
of the pressure vessel (figure 50C). Thermocouples attached to the specimen gage section were 
used to monitor and control temperature during test. 

The hydrogen and water vapor environment was obtained utilizing triple-distilled water 
in a pure hydrogen-containing retort system so the water was vaporized by furnace heat. The 
retort system, containing the test specimen and water, fits within the furnace and consists of a 
pistoii/tube type arrangement (figures 51 and 52). The piston, attached to the lower pull rod, 
incorporates an O-ring which provides a seal against the inner surface of a tube (cylinder), 
which is attached to the upper pull rod. During testing, the tube remains basically stationary 
relative to the piston. The base of the piston incorporates O-ring holes for passage of the 
extensometer tubes, and check valves which allow hydrogen to enter the retort and prevent 
water from escaping. Pressure inside the retort and vessel are equalized; therefore, the retort 
could contain the hydrogen and water vapor environment and not be subjected to any stresses 
due to differential (internal to external) pressure. Thermocouples also exit the retort via 
connectors installed in the base of the piston. They monitor and control specimen and water 
vapor temperature. By controlling the lower zone of the furnace, water was vaporized at a 
temperature which assured 500,0()0-ppm water vapor (50% by weight). 

Strain, as sensed by the extensometer system, was recorded on the X axis of an X-Y 
recorder, and load (sensed by the external load cell) was recorded on the Y axis, thus providing 
hysteresis loops, as desired, during the cyclic life of all tests. 

Prior to test, specimens were rinsed with trichlorethylene, wiped dry, rinsed with acetone, 
wiped dry, and inserted into the test fixture. All handling of specimens was done with clean 
gloves. 

The test and gas handling procedures used for the tensile tests were also used for the 
LCF testing. 
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•f CTION VII 
CRACK GROWTH 


A. INTROOtICTION 

Crack growth rate testa were conducted on PVVA 1480 and MAR*M»246+Hf at 760*C 
(1400*F) and 87l»C (1600‘'P) In 34.6 MPa (6000 psig) gaseous hydrogen or hydrogen plus 
water vapor (60% by weight) environments. 

The test program was designed to generate crack growth rate (da/dn) versus cyclic stress 
intensity (AK) curves to determine the effects of temperature and environment on the crack 
growth properties of these materials. 

The PWA 1480 material was supplied in the form of cast blocks. MAR-M-246+Hf was 
supplied in two forms, single crystal (SC), and directionally solidified (DS). The test specimen 
used for all testing was the Iw compact specimen shown in figure 11 incorporating a 
chevron-type crack-starter notch and integral knife edges per ASTM E399-74. All specimens 
were oriented such that crack propagation would be perpendicular to the solidification 
direction (ilgure 7). 

Cr^ck growth tests were conducted in the load controlljd mode. The test consisted of 
cyclic loading of the specimen between the minimum load and the maximum load until 
complete fracture occurred. The loading cycle was all tensile with a IBO-second hold time at 
the maximum load. All specimens were tested at an R ratio (minimum load/maximum load) of 
0.1. The test loading cycle is shown in figure 63. 

Crack growth data for this program was analyzed using the hyberbolic sine based 
“SINH" model, an interpolative model developed for the analysis of elevated temperature 
fatigue crack propagation data.* The model has been successfully used to describe the 
parametric effects of three fundamental influences on crack propagation: frequency O'), stress 
ratio (R), and temperature (T), 


This interpolative model is based on the hyperbolic sine equation, 
log (da/dn) « C, slnh (C.(log (AK)+C,)) 4* C, 

where the coefficients are simple empirical functions of test frequency, stress ratio, and 
temperature: 

C, material constant 
C, » f, (R, i*, T) 

C» •• f, (C, I', R) 

C, - f, (•', R, T) 

This model presents a flexible alternative to the familiar Paris equation and has gained 
acceptance in the aerospace industry. In several cases for this data a Paris fit would have 
worked as well, but In most cases SINK was used because it is the standard model for P&WA 
GPD. 


*Annis, C.G., R.M. Wallace, and D.L. Sims, "An Interpolative Model for Elevated Temperature Fntiguo Crark 
PropaK«tion," Final Report No. AFML-TR-76-170, November 1976, 
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Figure 53, Typical Crack Growth Load-Controlled Test Cycle 

B. RESULTS AND CONCLUSIONS 

Crack growth rate curves (da/dn vs AK) were generated for PWA 1480 at 760“C (1400“F) 
and 871®C (1600°F) in 34,5 MPa (5000 psig) hydrogen (figures 54 through 56). Testing was 
also conducted at 871*C (1600“F) in 34.5 MPa (5000 psig) hydrogen and water vapor (figure 
56) to define environmental degradation* A composite plot of all three tem- 
perature-environment conditions (figures 57 and 58) revealed that there was no significant 
increase in the crack growth rate with the increase in test temperature, or due to the 
hydrogen-water vapor environment. 

Crack growth rate curves for MAR-M-246+Hf in the single crystal (SC) form are 
presented in figures 59 through 63. Testing was performed at 760“C (1400“F) and 871°C 
(1600‘’F) in 34.5 MPa (5000 psig) hydrogen, and at 87l“C (1600‘*F) in 34.5 MPa (5000 psig) 
hydrogen and water vapor (50% by weight). The MAR-M-246+Hf SC material exhibited an 
increase in crack growth rate with increasing temperature. The effect of the hydrogen-water 
vapor environment was negligible when compared with the hydrogen environment. 

The MAR-M-246+Hf material in the directionally solidified (DS) form was tested at 
871“C (1600“F), The test results are plotted in figures 64 through 66. The addition of water to 
the hydrogen environment caused no significant increases in the crack growth rate. Crack 
growth data parallel to the solidification direction obtained in a previous contract 
(NAS8-30744) appears in figures 67 through 70. 

Complete crack growth test conditions and results are listed in table 20. 

The above conclusions are drawn on the basis of limited test data. Variations in specimen 
transverse orientation with respect to crystal planes and data scatter negate the ability to 
make exact comparisons. Crack length vs. cycles was plotted for each test to augment the 
da/dn curves. They appear in figures 71 through 86. 
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54. Crack Grou th Rate vs Stress Intensity for PWA 1480 in 34.5 MPa (.5000 psig) Hydrogen at 760'‘C (1400° F) Perpendicular 
to the Solidification Direction 




in 34.5 MPa (5000 psig) Hydrogen at 87I*C (tOOO^F) Perpendicular 
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Figure 58 Crack drouth Rate vs Stress Intensity for FWA I48f) in :H.5 Mfa (5ftOO psig) Envmtnments Perpendicular tt the 
StMdification Direction I. 76fCC fNfKCFt H, 2. SJI'C (I&tO F) H, 3. 87I*C fl€ttO’‘F) H, + H,0 
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(ISOO'^F) Perpendicular to the Solidification Direction 
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Figure 69. Crack Grrjuth Rate i« Stress Intensity for Directionally Solidified Hf in 34 5 .UPa (5000 psigj Hyeirogen and 

Water Vapor at 871 "C (160(CF) Parallel to the S*tlidification Direction 
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Haned upon fracture nurface examination which indicated mixed mode crack propaitation 
tiKJt of plane growihl and groan crack front xha|>e, the aMumptiona of linear elaatic fracture 
mechanics for these aniaotropic materials were generally not met. ("onaequently, the equation^ 
for atreaa intensity K are invalid, and da/dn vs AK curves are presented for nimparative 
purposes «inly. 

C. TEST PROCEDURE 

'The s|NH*imen configuration used for crack growth testing was the Iw compact spetimen 
detailed in figure 11 . This spet'imcn incorporated a chevron type crack starter notch and 
integrally machined knife edges for ('rack Opening Displacement (C'OD) exteiisometry attach* 
ment is recommended by ASTN K.’tW 74, “Plane Strain Fracture Toughness of Metallic 
materials.*' Specimen thickness was chosen to c'onform to supplied raw material dimensions, 
and to the high pressure test vessel retort size. 

The PVVA 14Ht), MAK*M*24tUHf l)S and S(^ material was machined such that crack 
growth pro|>erties could lie determined |>er|>endicular to the primary grain direction (see figuri 
7; L*'r orientation |>er ASTM K.I99-74I. 

A i'ompliance calibration was conducted to relate the ('()!) measured by the test 
extensometry to the test specimen crack length. 1'he c'ompliance between the measured ('OI> 
and the handiMNik* prediction was compared at various crack length, load, and tem|>erature 
conditions. Kesults are presented in figure 87. 1'he measured ('OD agreed with the handiNNik 
predictions, and the handlxNik relation! hip was used for all environmental testing. 1'he PWA 
1480 data |Miints shown are calculated using values for Inith longitudinal and transverse elastic 
mcKiiili as s|>ecimen orientations will vary in the x*y plane with respei't tc» the |(H>1| and |110| 
crystallc»graphic planes. 1'hese |Hiints bracket the curve, consecpiently the effective K* values 
were taken from the curve. 


* rsds. H., IV.r. Psn». Slid (• K Insin. “The Strem» Ansl>*»in ol ('rsckft Hsndh«t«tk.'* Del Kniesnh (\»rp«»rstion. 
Hellertosn. I'ennsvlvsnis. I97:t 


£ 


111 



I 

I 

r ► 

i 


( 


. 1 


i 



SlreM inten»ily vaiutt wrrr lalculated from the aquation 
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where 

K * tlretw inteniity (pai in.*') 

P ■ applied liMid (pounds) 

B • upecimen thicknein* (inchea) 
W " apecimen width (inches) 
a • crack length (inches) 


and cyclic stress intensity (^K) was calculated by the actuation: 


AK 

- K 

. K - n-Kl K^. - 0 9K^. 



cyclic Htrn*. intciiHily <|n*i-in. ) 

K 

- 

HtrvHh int«nHity at max cyclic l«*ad 

K. 

- 

KtrrMt intrnitity at min cyclic load 


with 

K * 0.1 (K • minimum load/maximum load) 

Test specimens were axial tension-tension fatigue precrac ked at 2MC (77*F) in air using 
a fatigue machine operating at a frequency of :t() Hz (1800 cpm) and K ratio • 0.1. Maximum 
precrack IcnkIh were apprc»ximatoly 80% of the maximum loads used during crack growth 
testing. Klectric discharge machining was used to provide starter crack slits in S(' 
MAR M *2464^ Hf specimens due to difficulty in starting and pn>pagating a crack tranaversly 
in ibis material (figure 88). 

High-pressure environmental tests were c'onducted on a cloaed ItMip, hydraulically ac- 
tuated test machine hnated in an isolates! te**t cell (figure 89). 'I'he pressure vessel with test 
frame and hydraulic actuator system are show:, in figure 90. The pressure vesiiel was similar 
to the IX'F vessel, and is shown in figures 91 and 92. 

The test machine com|>ensates for internal gas pressure loading of the test specimen 
through a pressure transducer feedback signal to the servosystem. I'he signal is used to 
control a steady force to the load linkage that is ei|ual and opposite to the internal hydn»gen 
pressure load against the load rod. 

For elevated teni|>erature testing, a two zone resistance furnace with separate control 
systems for each zone wat used. 1'he furnace surrounds the spfH'imen and fits within the frame 
of the pressure vessel (figure 92). ThermcH'ouples attached to the specimen gage section were 
used to monit4)r and control temperature during test. 
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Ftfiurv N.M Fnrironment Cravk (inm th Hatr Mavhtnv 

and Data AtyuiMifntn Kquipment 


Thv hydrtiicrn nnd WMtrr viipor environmt>nt wmi» obtainini utilizinK triple diMtilled WMtt*r 
ill a pure hydrogen ctintaininie retort NVHtem the water wan va|>ori/.ed by furnaee heal 1'he 
retort ayatem. nmtaininit the teat apeeiment and water, fita within the lurnaee and conaiata of 
a piaton/tiilie ty|ie arrangement (figurea and 94h 'I'he pr («*n. attai*he<i to the l«>wer pull riai, 
incor|>oratea an () ring which providea a aeal againat the inner aurfac'e of a tidie 
trviinderl, which «a attacheil to the up|>er pull rod. During teating the tula* remaina haaieally 
Mtationary relative tc: the piaton. The haae of the piaton incorfairatea an O ring hole for 
paaaage of the eitenaometer lube, and chec k valvea which allow hydrogen to enter the retort 
ami prevent water from eaiaping. Preaaure inaide the retort and veaael waa equalized; 
thereSc»re, the retort contained the hydrogen-water va|>or environment and waa not auhjected 
to any «ctreaaea due to differential (internal to external! preaaure. Thermtaouplea alao exit the 
retort \ia c'onnectora inatalled in the imae of the piaton. They monitor and control a|>ec'imen 
and wa*er vat>or tem|)erature. Hy controlling the lower zone of the furnac*e, water waa 
vaporizeci at a tem|M*rature which aaaured 50% hy weight water vafMir. 
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k drou th Hat*' Retort System With Furnace in Flaee 


Figure 9:t Crae 



Figure 5*4 
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Crack drou th Kate Retort System and Fxtensometry 
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Specimen TOD wan measured and recorded (hroughiiut the teat duraticm uaing a Linear 
Variable Diaplacement Transducer (LVl)T) type extensometer ayitem (figure 941. COD was 
monitored and recorded on a stripchart recorder, and on the X axis of an X*Y recorder. The 
load sensed by the external load cell was recorded on the Y axis of the recorder. 

Prior to test, specimens were rinsed with trichlorethylene, wiped dry, rinsed with 
acetone, wiped dry, and inserted into the test fixture. All handling of specimens was done 
with clean gloves. 

Periodic checks of hydrogen test environments revealed oxygen levels less than I ppm. 
The test and gas handling procedures used for Crack Growth rate testing were similar to 
those used for the tensile tests performed under this contract (Section IV-C). 
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